To assess air pollution emitted in Southern Hemisphere mid-latitudes and transported to Antarctica, we investigate the climatological mean and temporal trends in aerosol optical depth (AOD), carbon monoxide (CO), nitrogen dioxide (NO 2 ), and formaldehyde (HCHO) columns using satellite observations. Generally, all these measurements exhibit sharp peaks over and near the three nearby inhabited continents: South America, Africa, and Australia. This pattern indicates the large emission effect of anthropogenic activities and biomass burning processes. High AOD is also found over the Southern Atlantic Ocean, probably because of the sea salt production driven by strong winds. Since the pristine Antarctic atmosphere can be polluted by transport of air pollutants from the mid-latitudes, we analyze the 10-day back trajectories that arrive at Antarctic ground stations in consideration of the spatial distribution of mid-latitudinal AOD, CO, NO 2 , and HCHO. We find that the influence of mid-latitudinal emission differs across Antarctic regions: western Antarctic regions show relatively more back trajectories from the mid-latitudes, while the eastern Antarctic regions do not show large intrusions of mid-latitudinal air masses. Finally, we estimate the long-term trends in AOD, CO, NO 2 , and HCHO during the past decade (2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016). While CO shows a significant negative trend, the others show overall positive trends. Seasonal and regional differences in trends are also discussed.
Introduction
Antarctica is known as an isolated region due to its geographical distance from human activity, as well as the surrounding polar vortex hindering meridional exchange. However, some studies indicated the effective transport of air pollutants from the mid-latitudes to Antarctica in recent decades. For example, Pereira et al. (2004) and Neff and Bertler (2015) found that mineral aerosols can be transported from Patagonia to West Antarctica by a cyclonic system. Fiebig et al. (2009) and Hara et al. (2010) also suggested that observed aerosols at Antarctic research stations can be attributed to the long-range transport from mid-latitudinal source regions in South America and Africa. Gorodetskaya et al. (2014) coined the phrase "atmospheric river" to describe this transport pathway between subtropical latitudes and Antarctica. In terms of atmospheric dynamics, the relationship between the mid-latitudinal and Antarctic atmospheric phenomena has been also examined (Gettelman et al. 2011) .
Although these and several other studies have suggested a connection between the atmospheric environment in Antarctica and that in the mid-latitudes (Pereira et al. 2004; Fiebig et al. 2009; Hara et al. 2010) , a detailed understanding is still poor, particularly for climatological variables. Since atmospheric compositional change in the polar region induces shifts in climatological patterns (e.g., radiative forcing), the transport effects of air pollutants from the mid-latitudes should be further investigated. In fact, some simulations indicate that the polar region can experience a substantial change in atmospheric radiative forcing due to the impact of pollutant emissions from densely populated areas in the mid-latitudes (e.g., Streets et al. 2013 ). In addition, surface observations have revealed changes in polar physicochemical properties: carbon-based materials and even dust in the Antarctic region increased due to meridional transport (Li et al. 2008; Stohl and Sodemann 2010) . Certainly, there are also some local anthropogenic emissions resulting in Antarctic pollution; for example, Antarctic power generation, trash burning, and vehicle, ship, and airplane transportation (Shirsat and Graf 2009; Graf et al. 2010) . Nevertheless, a long-term background change over the broad Antarctic area is driven more by the influence of external air masses from the mid-latitudes. Therefore, determining the spatial distribution of air pollutants in the Southern Hemisphere and the typical transport routes to Antarctica is important (Bargagli 2008; McConnell et al. 2014) .
Unfortunately, analysis based on ground-based observations in the Antarctic region is insufficient, to investigate the properties of pollutants in the Southern Hemisphere, due to spatial coverage limitations. Installation of new ground-based stations is also not an easy task because the Southern Hemisphere includes broader oceanic areas than the Northern Hemisphere. Application of model simulations could be an alternative way to overcome such limitations. However, ensuring reliable analysis is difficult because of the difficulty in performing validation, again due to the paucity of in situ measurements. In such a situation, satellite measurements seem to be quite useful for surmounting these limitations, but satellite data have their own uncertainty issues in the Southern Hemisphere, requiring careful application (McKenzie et al. 2001; Nazaryan et al. 2008 ). If we focus on the median pattern, which is free from outlier influence, then analysis of long-term satellite observations can assist in the investigation of climatological patterns and temporal trends.
For this purpose, we use long-term satellite measurements of aerosol optical depth (AOD), carbon monoxide (CO), nitrogen dioxide (NO 2 ), and formaldehyde (HCHO) to investigate climatological mean patterns, particularly spatiotemporal distributions and the long-term trends. Additionally, the back trajectory model results are used to investigate how mid-latitudinal particles and trace gases are transported to Antarctica. Through this analysis, we expect to diagnose whether changes in the mid-latitudinal atmospheric composition in the Southern Hemisphere tend to increase Antarctic air pollution.
Methods/Experimental
Data Moderate resolution imaging spectrometer, aerosol optical depth, and fire count
The Aqua satellite, launched in 2002, crosses the equator at 13:30 local time (LT) on a sun-synchronous orbit. The Moderate Resolution Imaging Spectrometer (MODIS), a 36-channel radiometer aboard the Aqua satellite, observes irradiance with a spatial resolution of 250 m to 1 km in nadir viewing. Using this observation, AOD is retrieved based on dark target (DT) and deep blue (DB) algorithms, where DT is used for the measurement on dark surfaces such as the vegetative land and dark ocean, and DB is used for measurement on bright surfaces (Sayer et al. 2014 ). Surface condition is obtained from the MODIS climatology normalized difference vegetation index (NDVI) (Huete et al. 2010) . In each algorithm, total AOD is estimated when the observed TOA reflectance matches TOA from the combination of the fine-mode-dominated aerosol model and the coarse-mode-dominated aerosol model at two wavelengths. Final AOD product is produced by averaging the results from DB and DT algorithms over land or from the DT algorithm over the ocean.
For this study's analysis, we use this final product, called the MODIS-Aqua Combined DT and DB AOD at 550 nm for the land and ocean (MYD08_M3_v6), which contains the high-quality assurance confidence flag (QAC) for each condition (Levy et al. 2013) . The QAC value is determined by the number of valid pixels with screening cloud perturbations. Monthly mean values are generated based solely on data having reliable QAC values, meaning that our analysis is free from the cloud effect. Thus, this product can be used in this study without additional screening tasks. Most aerosols are produced near the surface and transported in the lower troposphere (Ocko and Ginoux 2017) , hence AOD data can be used to investigate tropospheric characteristics in general.
Measurements of pollution in the troposphere: carbon monoxide
Measurements of Pollution in the Troposphere (MOPITT), a module aboard the Terra satellite, launched in 1999, has offered an observation dataset since 2000. The Terra satellite crosses the Equator at 10:30 and 22:30 LT on a sun-synchronous orbit, and MOPITT observes CO and methane (CH 4 ) with a field of view of 22 km × 22 km in nadir viewing (Deeter et al. 2003) . MOPITT CO total column data are retrieved by three algorithms: TIR-only (exploiting the 4.7 μm thermal-infrared channel only), NIR-only (exploiting the 2.3 μm near-infrared channel only), and multispectral TIR-NIR (exploiting both thermal-infrared and near-infrared channels). The NIR-only CO product is retrieved only over land. Meanwhile, the TIR-NIR multiband product shows a relatively large random retrieval error and bias drift (Deeter et al. 2017) , which are inappropriate for investigating the CO pattern over the Southern Hemisphere, where most of the ocean is located. Since the TIR-only product has uniform performance over the land and ocean (Deeter et al. 2017) , the MOPITT TIR-only CO total column product (daytime and descending) (MOP03TM v007) is used in this study. MOPITT CO total columns show a sensitivity peak in the mid-troposphere, so using MOPITT CO data for tropospheric monitoring is reasonable (Kopacz et al. 2010; Yurganov et al. 2011 
Ozone monitoring instrument, nitrogen dioxide, and formaldehyde
The Ozone Monitoring Instrument (OMI) is an ultraviolet (UV)-visible (Vis) spectrometer aboard the NASA-EOS Aura satellite, launched in 2004 on a sun-synchronous polar orbit. The Aura satellite crosses the Equator at 13:38 LT on a sun-synchronous orbit. OMI has a spectral resolution of 0.45-1.0 nm at three channels in the range of 270 nm to 500 nm (270-314 nm, 306-380 nm, and 350-500 nm) and obtains global coverage every day with a cross-track swath of 2600 km. The spatial resolution is 13 km × 24 km in nadir viewing, decreasing to 28 km × 150 km near the edge of the swath; this feature is an improvement compared to the Total Ozone Mapping Spectrometer (TOMS) and Global Ozone Monitoring Experiment (GOME). OMI continues to monitor ozone (O 3 ) and trace gases, such as nitrogen dioxide (NO 2 ), sulfur dioxide (SO 2 ), formaldehyde (HCHO), bromine monoxide (BrO), and chlorine dioxide (OClO).
The OMI NO 2 vertical column density (VCD) is calculated by applying the air mass factor (AMF) to the slant column density (SCD) obtained using the differential optical absorption spectroscopy (DOAS) method. The tropospheric column is retrieved when the VCD exceeds the value of the estimated stratospheric field. Then, the VCD is recalculated using AMF information acquired from the assumed tropospheric NO 2 profile (Bucsela et al. 2006) . Finally offered after quality screening is the level 3 product, which is the monthly NO 2 tropospheric column averaged from the OMI level 3 daily global gridded (0.25°× 0.25°) nitrogen dioxide product (OMNO2d v003). Only daily products with a cloud fraction < 0.3 are used to calculate the monthly product.
Similarly, for the retrieval of tropospheric OMI HCHO VCD, OMI HCHO SCD is first obtained using the DOAS method. Then, the tropospheric HCHO SCD is generated by subtracting the stratospheric HCHO SCD from the total HCHO SCD. The stratospheric HCHO SCD is generally obtained by choosing a reference sector, which is the pixel showing the background concentration, free from tropospheric pollution. Here, this reference sector is chosen in the center of the Pacific Ocean (140-160°W). Since there can be an overestimation or underestimation of stratospheric HCHO SCD in this process, complementary post-processing is performed using the background tropospheric HCHO simulated from 3D-CTM IMAGES (De Smedt et al. 2012; De Smedt et al. 2015; Stavrakou et al. 2009 ). Finally, this modified tropospheric HCHO SCD is converted to tropospheric HCHO VCD by applying tropospheric AMF. The Belgian Institute for Space Aeronomy (BIR-A-IASB) offers the OMI tropospheric HCHO VCDs that have passed through a quality check. The L3 monthly product is calculated only from daily products showing a cloud fraction < 0.4 and a solar zenith angle < 70°. However, OMI HCHO data still show large uncertainties. Sometimes data are unavailable, particularly during the austral winter (June-July-August).
Hybrid single-particle Lagrangian integrated trajectory back trajectory model
A back trajectory analysis is used to investigate the transport of aerosols and trace gases from the mid-latitudes to Antarctica. The National Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory developed the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model to simulate the movement of air parcels (Stein et al. 2015) . For inspecting the pathways of potential air mass transport to Antarctica, we calculate 10-day back trajectories using the HYSPLIT version 4 model, based on meteorology fields from the National Centers for Environmental Prediction and National Center for Atmospheric Research reanalysis data. Back trajectories are calculated at six stations located along the Antarctic coast: King Sejong (62.22°S, 58.79°W), Belgrano II (77.87°S, 34.63°W, hereafter Belgrano), Neumayer (70.68°S, 8.27°W), Syowa (69.00°S, 39.58°E), Davis (68.58°S, 77.97°E), and Jangbogo (74.62°S, 164.23°E) stations. Back trajectories are calculated twice a day (00 and 12 UTC), from 2005 to 2016, and each back trajectory has a 1-km arrival height above ground level.
Climatological mean
Based on the analysis of satellite data in the mid-latitudes with interpretation of back trajectory patterns, we can diagnose the impact of meridional transport to the Antarctic atmosphere. The climatological mean is one of the representative patterns that we can investigate. Unfortunately, satellite data often show large uncertainties over Southern Hemisphere mid-latitudes Ahn et McKenzie et al. 2001; Nazaryan et al. 2008 ) because of the low amplitude and large sampling error induced by frequent cloud occurrences (Zhang et al. 2005) . Nevertheless, a representative climatological mean can be calculated by eliminating outliers. A median is an appropriate parameter to assess the typical climate without the influence of abnormal outliers. Therefore, we first find the median in each designated region, with regions defined with sufficient latitudinal breadth to include sufficient data. For this objective, the mid-latitude region in the Southern Hemisphere (30-60°S) is divided into 48 areas to obtain pixels with a size of longitudinal 45°× latitudinal 5°. Then, the median value is determined for each month and is considered the representative value for that area for that month. The climatological monthly mean is finally obtained by averaging all monthly values from 2005 to 2016 for each area.
Trend estimation
To show long-term variation in AOD, CO, NO 2 , and HCHO, we use the representative monthly values for each area from 2005 to 2016. Generally, variations in atmospheric aerosols and trace gases contain strong seasonal variations. Thus, deseasonalization of the data should be conducted first. We use a time-series of anomalies for the trend analysis, obtained by subtracting monthly climatological values from the monthly median time-series. We perform the trend analysis based on the detailed methodology in Weatherhead et al. (1998 ), De Meij et al. (2012 , and Hsu et al. (2012) . The entire process of our trend analysis is summarized below. First, we use the given data to construct a simple linear trend model,
where Y t is the time-series of target variables, μ is an offset term, ω is the linear trend (year −1 ), and X t is the time. In this study, t represents each month, and X t is defined as t/12. The last term, N t , is the noise term and represents the residual of the time-series and the fitting line. Generally, meteorological factors have autoregressive properties; therefore, we assumed an autoregressive model with a lag of 1 month. The noise term can be expressed as follow:
where ϕ is the autoregressive coefficient and ε t is the random noise. Evaluating whether the estimated trend is significant is another essential task for the trend analysis. To examine the significance of the linear trend ω, the uncertainty (σ w ) of the trend is calculated as follows:
where σ N is the standard deviation of the noise and n is the total number of years of the time-series. The significance of the trend can be tested by the ratio of the linear trend slope to the uncertainty (|ω ∕ σ ω |). The trend is significant at the 95% confidence level if the ratio exceeds 1.96 or at the 90% level if the ratio exceeds 1.65. Each criterion is based on the z-score of each level point of the normal distribution (Hsu et al. 2012) . Equation (1) is also used to calculate the linear trend of the seasonal time-series. The seasonal time-series consists of the consecutive series of monthly medians in each season (Hsu et al. 2012) . Since the seasonal time-series has an irregular temporal resolution, a Student's t test is used to compute the trend significance instead of Eq. (3). The p value is computed from the F ratio, which is defined as the ratio of regression mean squared error to the residual mean squared error. In general, the trend is considered significant at the 95% confidence level when the p value is less than 0.05.
Results and discussion

Climatological mean patterns Aerosol optical depth
The distribution of the climatological monthly mean of AOD is shown in Fig. 1 . AOD is generally high in the austral spring (September-October-November, SON) and summer (December-January-February, DJF) but low in the austral autumn (March-April-May, MAM) and winter (June-July-August, JJA). This pattern is similar to that found in previous studies Ocko and Ginoux 2017) . In Africa, the AOD maximum occurs in September, consistent with the season of peak biomass burning in Africa (Das et al. 2017) . The monthly distribution in South America has the same pattern as in Africa, also indicating the likely contribution of biomass burning to the level of AOD. Annual AODs in Australia are lower compared to the other continents because of the relatively low contribution of biomass burning. Instead, AOD monthly variation in Southern Australia (Fig. 1) can be affected more by dust. Prospero et al. (2002) mentioned that dust storms in Australia begin in September and October, reach a maximum in December to February, and end in May. This can explain the pattern of high Australian AOD from September to November.
For each season, the high or low patterns of AOD in the high-latitude regions seem to coincide with the variation in the mid-latitude regions, particularly near the continents (Mao et al. 2014; Mehta et al. 2016) . Thus, the idea that aerosols in the mid-latitudes are diffused and transported to high latitudes can be inferred. We also find AOD enhancement over the ocean. AOD levels in some oceanic areas are comparable to those in continental regions, particularly over the Southern Atlantic Ocean (22.5°W to 22.5°E, 45°S to 55°S) ( Fig. 1) . High AOD in this region can be explained by active sea salt production driven by strong winds (Additional file 1: Figure S1 ) (Kishcha et al. 2009; Wilson et al. 2010) . The high AOD in this region might also result in part from cloud influence (Kishcha et al. 2009 ) and from the relatively short distance from the source compared to other high-latitude regions (Mao et al. 2014 ).
Carbon monoxide
Generally, fossil fuel emission is a major source of global CO (Holloway et al. 2000) . In the Southern Hemisphere, CO is dominantly emitted from biomass burning events. Thus, the CO concentration largely relates to the frequency of fire events. The long lifetime of CO, about 1 month in the troposphere (Wang et al. 1997) , also enables us to monitor the spatial characteristics of air mass transport. From the climatological monthly mean distribution of the CO column (Fig. 2) , we can detect major source regions of CO in Africa, Australia, and South America. Researchers know that CO levels become enhanced over biomass burning sites in Africa and South America (Mok et al. 2017) . Therefore, the high continental CO concentration in SON and JJA relates to active biomass burning in the dry season (Edwards et al. 2006; Torres et al. 2010) . The region of Australia includes sources of both the burning of biomass (Das et al. 2017) and fossil fuel combustion in urbanized areas (Lamarque et al. 2010; Té et al. 2016) . In fact, anthropogenic emissions have recently been found to make an important contribution to the CO concentration (Hooghiemstra et Ahn 2012 ). Since CO is mostly emitted from continental sources, CO levels over the Antarctic gradually decrease with increasing distance from the source regions. However, some high CO concentrations can be found over the ocean; we attribute these instances to the transport of CO from emission sources.
Nitrogen dioxide
NO 2 is a trace gas usually emitted from anthropogenic sources such as vehicles and power plants (Beirle et al. 2003; McDonald et al. 2012) . Spatiotemporal patterns of NO 2 are generally helpful for monitoring the magnitude of air pollution in urban areas. The climatological monthly mean distribution of OMI tropospheric NO 2 is shown in Fig. 3 . Similar to that of CO, the distribution of tropospheric NO 2 shows enhancement in continental mid-latitudes in Africa, South America, and Australia. This is because NO 2 is emitted not only from urban areas but also from the burning of biomass (Beirle et al. 2003) . In general, NO 2 maxima occur in winter over Australia and in winter and early spring over Africa and South America (van der et al. 2008) . In line with those findings, we find a NO 2 peak in the JJA period over the Southern Hemisphere. Among the three continental regions, NO 2 concentrations were higher in Australia (generally > 4.0 × 10 14 molecules/cm 2 ) than in Southern Africa (generally > 2.5-3.0 × 10 14 molecules/cm 2 ) or in South America (generally 3.0-3.5 × 10 14 molecules/cm 2 ), ostensibly due to anthropogenic sources. Although NO 2 has a short average lifetime, on the order of 1 day (Beirle et al. 2003) , the distribution of high NO 2 around the source regions indicates that NO 2 can be transported away from source regions. The transport of NO 2 can occur in the form of reservoirs, such as peroxyacetyl nitrates (PANs) (Liu et al. 2003; Zhu et al. 2017 ). The higher the latitude within the study area, the lower the concentration of NO 2 , again illustrating the absence of NO 2 sources (e.g., urban and industry) near the polar region.
Formaldehyde
The monthly distribution of the OMI tropospheric HCHO column is shown in Fig. 4 . HCHO is usually produced from the oxidation of CH 4 and other hydrocarbons (Wagner et al. 2002; Palmer et al. 2006 ). Thus, high HCHO levels can be found in regions where forests, biomass burning sources, industrial complexes, and vehicle traffic are located. As reported above for AOD, CO, and NO 2 , the highest HCHO levels are found over the continents of Africa, South America, and Australia.
Seasonally, HCHO starts to increase in SON, peaks in DJF, and decreases after March, reaching a minimum in JJA. HCHO produced by the photochemical breakdown of CH 4 and hydrocarbons (Leuchner et al. 2016) relates to the summer peak, when the solar irradiance is high. Additionally, this annual pattern appears to generally follow seasonal cycles of biogenic emission and biomass burning (Dufour et al. 2009 ). The spatial HCHO distribution (Fig. 4) appears to be analogous to the NO 2 distribution (Fig. 3) , similar to the known relationship between HCHO and NO x (Jones et al. 2009 ). Therefore, high HCHO concentration in Australia can be also explained by the high NO 2 emission from the urban region, as discussed above. Since isoprene can also be a precursor of HCHO , future work should investigate the relationship of HCHO to isoprene in the whole Southern Hemisphere, although such an investigation cannot feasibly be easily performed at present using satellite measurements alone. All the above interpretations need to be carefully considered because of the uncertainty of HCHO retrieval attributed to relatively weak signals and a strong interference (Li et al. 2015) . Thus, the improvement of the HCHO retrieval algorithm is another future undertaking required for a better understanding of climatological HCHO patterns.
Transport patterns from the mid-latitudes to Antarctica
In this study, one of the most important reasons for examining the atmospheric composition in the Southern Hemisphere is to estimate the influence of mid-latitudinal pollution on the Antarctic environment. Here, we investigated back trajectory results along with the climatological characteristics of the atmospheric constituents (Figs. 1, 2 , 3, and 4), in order to evaluate the transport impact of mid-latitudinal pollutants. Specifically, we analyzed the back trajectory patterns at some representative ground stations with a long-term operation in the Antarctic region. Among all possible ground stations located in the coastal region around Antarctica, we selected six relatively evenly spaced stations to cover the Antarctic region evenly: the King Sejong, Belgrano, Neumayer, Syowa, Davis, and Jangbogo stations (Additional file 1: Figure S2 ).
The spatial frequencies of all 10-day back trajectories for each station are depicted in Fig. 5 . The overall transport pattern reveals that all stations except the Jangbogo station can be affected by the transport of air masses from outside Antarctica. Basically, this transport pattern appears along the border of the polar vortex that encircles Antarctica; however, some pathways indicate the Figure S3 ), the height of back trajectories from the mid-latitudes is lower (Additional file 1: Figure S4 ), mostly trapped below 2 km for 10 days. This feature shows the real contribution to the Antarctic area of the near-surface air conditions in the mid-latitudes. The King Sejong station, located in the western Antarctic peninsula, clearly shows the direct influence of air masses originating from the southern part of South America. This station is also affected by air parcels from the south of Australia on a timescale of 10 days. These findings are supported by several previous studies showing that the Antarctic peninsula is relatively more polluted than the rest of Antarctica (Pereira et al. 2004; Bargagli 2008) . The King Sejong station is not the only station showing such influence; the Belgrano, Neumayer, and Syowa stations also show some back trajectories from South America on a timescale of 10 days. Thus, these sites also appear affected by the transport of air pollutants from South America. In contrast, most back trajectories arriving at the Jangbogo station come from the inner region of Antarctica, particularly the eastern Antarctic plateau (Fig. 5) . The strong katabatic flow from the eastern Antarctic plateau appears to cause this back trajectory pattern (Parish 1992) . Thus, the Jangbogo station, located downwind of the eastern Antarctic plateau, appears to be far from the influence of mid-latitudinal pollutants. The Davis station, located in East Antarctica, also does not show 10-day back trajectories originating from the continental mid-latitudes. Since significant transport of air pollutants is usually expected in 10 days (e.g., Hara et al. 2010) , the Davis station also appears to be less affected by mid-latitudinal pollutants than other stations (The King Sejong, Belgrano, Neumayer, and Syowa stations).
In brief, the western part of Antarctica shows more intrusion of mid-latitudinal pollutants than the eastern part of Antarctica, as found in a previous study (Tomasi . Considering the climatological distributions of AOD, CO, NO 2 , and HCHO simultaneously (Figs. 1, 2, 3, and 4), air pollutants emitted in South America seem to have a larger effect on Antarctica than do those emitted elsewhere. In contrast, air pollutants from Southern Africa might not contribute to the Antarctic atmosphere greatly because even the eastern Antarctic coast closest to Africa is relatively isolated due to the stronger zonal advection, as illustrated by back trajectories. In fact, the climatological mean wind speed at 850 hPa (Additional file 1: Figure S1 ) well illustrates that the zonal wind speed is higher around East Antarctica (> 16 m/s at maximum) than west Antarctica (< 13 m/s at maximum). Considering that AOD is greatly enhanced over the southern Atlantic region (Fig. 1) , however, emissions in Southern Africa can also have some effect on the Antarctic atmosphere when the zonal wind becomes weak; this possibility is consistent with the discussion in Hara et al. (2010) .
Trend analysis
Based on the methodology of the trend estimation suggested above, we calculate the 12-year deseasonalized trend of satellite-observed AOD, CO, NO 2 , and HCHO. Time-series trends for whole mid-latitudes in the Southern Hemisphere (30-60°S) show moderate increases in AOD, NO 2 , and HCHO but a decrease in CO (Fig. 6 ).
To examine regional trends, we analyze all time-series for each pixel with a size of 45°longitude × 5°latitude (e.g., Additonal file 1: Figure S5 ). We summarize trend values with uncertainties (1-sigma) in Figs. 7, 8, 9 , and 10 and in Additional files 1: Tables S1-S4. Findings are described in detail below.
Aerosol optical depth Figure 7 shows that overall AOD in the mid-latitudes of the Southern Hemisphere tends to increase regardless of the season, a finding consistent with previous studies (De Meij et al. 2012; Hsu et al. 2012) . Figure 7 illustrates the high AOD peak in 2015-2016, which highlights the positive trend in AOD. However, when individual pixels are examined, AOD in 2015-2016 does not appear strikingly high compared to other periods (e.g., Additional file 1: Figure S5 ). This finding implies that the mean midlatitudinal AOD trend over the whole Southern Hemisphere is not necessarily representative of regional AOD trends. In the spatial trend analysis, we find a strong positive trend in SON and DJF in the Southern Atlantic Ocean, where strong winds are present and thus where high AOD is found (Fig. 1 ). This positive trend might be associated with an enhanced frequency or intensity of sea salt production (Kishcha et al. 2009 ). In fact, we find a secular increase in the tendency for 850 hPa wind speed over the Southern Atlantic Ocean (Additional file 1: Figure S6 ); this increase would be expected to enhance AOD by way of wind-driven sea salt generation from the ocean surface. In JJA, a positive trend appears overall around Antarctica, as shown by Mehta et al. (2016) . These positive trends are found in both mid-latitudes and high latitudes (Additional file 1: Table S1 ), implying that future AOD levels in Antarctica may increase by means of the meridional transport effect.
Carbon monoxide
Secular and seasonal linear trends for CO are provided in Fig. 8 and Additional file 1: Table S2 . The secular data show a weakly negative trend throughout the Southern Hemisphere, although without apparent statistical significance. However, in the seasonal analysis, some linear trends of statistical significance are found, the most prominent being the strong decrease in SON. This large CO decrease in SON dominates the annual CO decrease, more than making up for the weak positive trend in DJF and MAM. These negative trends in CO concentration in the Southern Hemisphere have been explained by decreases in anthropogenic emissions and biomass burning events (Zeng et al. 2012; Worden et al. 2013 ). CO decrease is particularly remarkable on the continents, where biomass burning sources occur. Southern Africa, for example, shows the largest negative trend. In order to diagnose biomass burning activity, we next examine total fire counts over South America, Africa, and Australia (Additional file 2). Despite the large annual variation, the fire count has recently shown a decreasing tendency (Additional file 1: Figure S7 ), implying a possible relationship with the observed CO decrease. Also, Additional file 1: Figure S7 indicates that the fire count (i.e., biomass burning emissions) has been decreasing since 2009 and 2010. Given the significant influence of transported biomass burning on CO temporal variation in the Southern Hemisphere (Zeng et al. 2012) , the negative trend in fire counts since 2009 and 2010 may be intensifying a persistent negative CO trend. In other words, the negative trend in fire counts strongly indicates that biomass burning plays an important role in declining CO trends for the period studied here (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) . Though suggestive, this attribution needs to be further explored using mechanistic models. Considering the relationship between AOD and biomass burning discussed above, the question of how a reduction in fire counts can explain both AOD increases and CO reductions at the same time is not clear. Future work should consider whether other emission sources (e.g., anthropogenic emission) might show different temporal patterns.
Nitrogen dioxide and formaldehyde
Tropospheric NO 2 trends generally increase with a high statistical significance ( Fig. 9 and Additional file 1: Table  S3 ). All annual and seasonal trends are consistently positive, but the positive trend in the southern part of South America is even clearer than those of other regions. This result relates to a previous finding regarding tropospheric NO 2 growth patterns in South America (Schneider et al. 2015) . This tropospheric NO 2 growth pattern is caused by an increase in air pollutants, due to urbanization (Lamsal et al. 2013) . The strongest positive trends in the winter might be related to increased anthropogenic energy consumption, as well as to reduced NO 2 photolysis rate in the winter. Considering the large intrusion of air masses from South America to the western part of Antarctica, particularly at the King Sejong station (Fig. 5) , we presume that the snow NO x concentration over the western Antarctic region might show a gradual increase in the future, due to the transport of nitrogen compounds (e.g., HNO 3 ). So far, anthropogenic pollutants in the mid-latitudes do not seem to influence the Antarctic atmospheric compositional variation (Weller et al. 2011 ), but such effects may appear if global anthropogenic emissions continue to increase (Weller et al. 2013) .
Though not as dramatic and pervasive as tropospheric NO 2 , tropospheric HCHO generally shows a positive trend in the mid-latitudes of the Southern Hemisphere ( Fig. 10 and Additional file 1: Table S4 ). The largest HCHO increase occurs in South America, particularly during DJF, which coincides with strong photochemical production in the summer. This positive trend in South America might be the result of an increase in anthropogenic non-methane volatile organic compounds (NMVOCs), ostensibly due to urbanization (De Smedt et al. 2010) . Despite the overall positive trend in HCHO, some negative trends appear in Southern Africa during JJA and SON. Recent findings on emission decreases during Africa's peak fire season (Bauwens et al. 2016) may help explain these negative trends, including our result in Additional file 1: Figure S7 . Considering that the largest CO decrease occurs in Southern Africa (Fig. 8) , Southern Africa experiences a larger reduction of emissions from the biomass burning. This situation differs from the situation in South America, revealing a weaker CO decrease there while NO 2 and HCHO increase.
Conclusions
In this study, long-term satellite measurements of AOD, CO, NO 2 , and HCHO in the Southern Hemisphere were used to investigate the spatiotemporal distribution of climatological mean and long-term trends. Additionally, the number of mid-latitudinal air masses that can be transported into the Antarctic region was determined using back trajectory simulations. AOD, CO, NO 2 , and HCHO are typically high on the continents, and their extents vary among continents with the intensity and frequency of source events (e.g., biomass burning processes). However, even if the roles of these main sources are dominant, the spatial distributions of column magnitudes are not identical, due to compound-specific lifetime differences affecting the spatial ranges of diffusion and transport.
Combining these results with back trajectory calculations, we can evaluate the possibility that air pollutants from the mid-latitudes move into the Antarctic. The Jangbogo station does not seem to be influenced by pollutants from outside of Antarctica, due to a strong katabatic flow from the eastern Antarctic plateau. On the other hand, the intrusion of mid-latitudinal pollutants to the King Sejong station seems quite possible, and the Belgrano, Neumayer, and Syowa stations also show some moderate intrusions of mid-latitudinal air masses from South America. Meanwhile, the Davis station, located on the eastern Antarctic coast, is not strongly affected by meridional transport from South America. These findings indicate that meridional exchange between high latitudes and mid-latitudes differs among Antarctic regions. In order to better assess the contribution of mid-latitudinal air pollution to the polar atmospheric environment, further analyses are needed that can detect areas vulnerable to the intrusion of external air parcels.
Our analyses of long-term trends reveal that the magnitudes of the AOD, NO 2 , and HCHO columns have been increasing in recent years, while the CO column has shown a decreasing pattern. The difference in trend
